Development of low alloy steel by direct metal laser sintering by Jelis, Elias
New Jersey Institute of Technology 
Digital Commons @ NJIT 
Dissertations Electronic Theses and Dissertations 
Fall 2017 
Development of low alloy steel by direct metal laser sintering 
Elias Jelis 
New Jersey Institute of Technology 
Follow this and additional works at: https://digitalcommons.njit.edu/dissertations 
 Part of the Materials Science and Engineering Commons 
Recommended Citation 
Jelis, Elias, "Development of low alloy steel by direct metal laser sintering" (2017). Dissertations. 13. 
https://digitalcommons.njit.edu/dissertations/13 
This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at Digital 
Commons @ NJIT. It has been accepted for inclusion in Dissertations by an authorized administrator of Digital 
Commons @ NJIT. For more information, please contact digitalcommons@njit.edu. 
 
Copyright Warning & Restrictions 
 
 
The copyright law of the United States (Title 17, United 
States Code) governs the making of photocopies or other 
reproductions of copyrighted material. 
 
Under certain conditions specified in the law, libraries and 
archives are authorized to furnish a photocopy or other 
reproduction. One of these specified conditions is that the 
photocopy or reproduction is not to be “used for any 
purpose other than private study, scholarship, or research.” 
If a, user makes a request for, or later uses, a photocopy or 
reproduction for purposes in excess of “fair use” that user 
may be liable for copyright infringement, 
 
This institution reserves the right to refuse to accept a 
copying order if, in its judgment, fulfillment of the order 
would involve violation of copyright law. 
 
Please Note:  The author retains the copyright while the 
New Jersey Institute of Technology reserves the right to 
distribute this thesis or dissertation 
 
 
Printing note: If you do not wish to print this page, then select  















The Van Houten library has removed some of the 
personal information and all signatures from the 
approval page and biographical sketches of theses 
and dissertations in order to protect the identity of 
NJIT graduates and faculty.  
 
ABSTRACT 
DEVELOPMENT OF LOW ALLOY STEEL 
 BY DIRECT METAL LASER SINTERING 
by 
Elias Jelis 
The US Department of Defense is interested in developing, understanding, and optimizing 
process parameters for low alloy (4340/4140 steel) for the powder bed fusion process.  Low 
alloy steel is used in parts where high strength and toughness are required.  During  
parameter optimization, several aspects of the process are investigated.  Powder size and 
morphology optimization is important for manufacturability because adequate packing is 
required to produce full density components.  Microstructure evaluation is used in order to 
provide insight into parameters that lead to optimal mechanical performance and recoating 
performance.  Influence of residual stress is evaluated with this process.  Large thermal 
stress can lead to high distortion and deflection.  A general corrosion study is conducted 
on direct metal laser sintered parts in order to evaluate the factors which lead to corrosion. 
The main objectives of this effort are to produce mechanical properties of steel that are 
comparable to wrought 4340 and to understand the factors which influence the 
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The objective of this research is to understand the influence of process parameters and 
design criteria on the properties of low alloy steel. From the lessons learned, this effort will 
provide the necessary foundation for developing a manufacturing guide to produce 
mechanically sound parts for low alloy steels and a methodology for process parameter 
development that can be applied to other materials.  
 
1.2 Current State of Technology 
DMLS (Direct Metal Laser Sintering) is a laser powder bed fusion (L-PBF) process by 
which laser fuses powder (full melting) layer by layer in succession until the part is built.  
The DMLS process is as follows: a stereolithography file (.stl) of the part is loaded  to the 
process software.  Then the software is used to place and orient the part, along with support 
structures, with respect to the build plate to account for overhanging features. The machine 
software then creates slice files for the components which can then be used by the machine 
software to build the part.  The slices are dependent on the layer thickness (20-50m) 
provided by the machine. 
Fiber laser sources have enabled the DMLS technology to advance because the 
powder beds absorb more laser energy than a CO2 laser sources can produce. Fiber laser 
sources can fully melt the metallic powder in significantly less time than CO2 lasers. 




powder bed in order for full melting to occur. Hatch distance is the distance between center 
to center of the laser beam. In this discussion, the stripe scan strategy will be used.  Stripe 
width can be described as scan vector. Stripe width and hatch distance are illustrated in 
Figure 1.1.  
 E = P/(t*v*d)                                                        (1.1) 
where, E is the volumetric applied energy density, P is laser power, t is layer thickness, d 
is Hatch Distance; and v is Laser Scan Speed 
 
Figure 1.1 Image illustrating the hatch distance and stripe width  
Source: [2]. 
 
A major advantage of the process is that no additional tooling is needed and the 
process can handle extremely complex parts without the need for any welding or post-
processing [3]. It can build near net, complex geometries which are not attainable by 
traditional manufacturing processes. Geometries such as lattice structures, molds with 
conformal cooling channels can be built with this process [4] [5]. Several dissimilar small 





 DMLS can also reduce part counts by building multiple parts into one assembly. 
Previously, impellers were made out of multiple pieces welded together [7].  Now, 
impellers can be made into one solid component using DMLS.  Thus, the mechanical 
properties of the impeller are more uniform.  Furthermore, the lead time for the impellers 
is significantly less using additive manufacturing rather than producing them by subtractive 
manufacturing. 
 Geometries are limited in DMLS because the use of supports are needed for 
overhanging features and small angles from the horizontal.  The support areas are critical 
for both anchoring the part onto the build plate and providing heat dissipation [8].  For 
anchoring the parts to the build plate, the supports need to be strong enough to prevent the 
part from warping [9].  If the supports are only used to provide heat dissipation for 
overhanging features, they can be offset slightly (~60 microns) below the feature, making 
them easier to remove.  The designer must account for the supports and their removal prior 
to the build operation. 
 In addition, the surface roughness of the DMLS compnents are significantly higher 
than machining.  As a result, post machining is needed to reduce the roughness and hold 
tolerances for critical features such as holes, screw holes, and other parts which have tight 
tolerances. 
 
1.3 Brief Description of the Sintering Machine 
The EOSINT M270 is manufactured by EOS.  Basic operation of the machine is as follows: 
the dispensing bin rises and a ceramic recoating blade pushes the powder over the build 




scanning is complete, the recoating blade returns back to its original position and the build 
platform lowers itself by a layer thickness. Another important factor in the recoating 
process is that full coverage and adequate packing is needed in order to minimize defects.   
 




The recommended inert gas for steel in the EOS machine is nitrogen.  Furthermore,  
the operator loads the powder from the front of the M270 machine.  Thus, the powder is 
exposed to an air environment during process chamber clean up, part removal, and build 
stoppage.  The temperture of the chamber in the EOSINT M270 during the build is 80oC.     
 
1.4 Mechanical Properties of Steel Alloys Manufactured by L-PBF 
Preferred materials for the L-PBF process are alloys that are weldable.  For instance, 
aluminum alloys 6061 and 7075 are difficult to manufacture by laser powder bed fusion 




the materials qualified by the manufacturer, the mechanical properties are comparable to 
wrought.  The qualified materials include: Ti-6Al-4V, 17-4 and 15-5 stainless steel, 316L 
stainless, aluminum alloy Al10SiMg, Inconel 625 and 718, 300 maraging steel, and several 
others.  The process produces components that are near full density.  Thus, the mechanical 
properties of materials made by this process are comparable to their wrought counterparts 
after heat treatment. Post processing is typically needed for DMLS parts.  At a minimum, 
stress relief is needed prior to part removal to prevent significant part warping once it is 
removed from the plate. Typically, parts produced by laser sintering, without post 
processing, do not have the desired mechanical behavior because of the rapid phase 
transformations of the material.  Heat treatment is generally required for the parts to obtain 
the desired mechanical properties (Table 1.1).  For example, 17-4 stainless steel produced 
using default parameters in a nitrogen environment, with powder supplied by EOS, 
contains retained austenite [13].  Thus, the samples need to be solutionized with possible 
cryogenic treatment to produce the martensitic structure needed for the copper to 
precipitate during precipitation hardening.  Copper does not precipitate in an austenitic 
structure easily because it is highly soluble in the austenite phase. Likewise, other 
materials, such as maraging steel, would need heat treatment to obtain the desired strength.  
As a result, the potential to use metal AM (Additive Manufactured) components to 
produce functional parts increases in accordance with the steel mechanical properties, 
summarized in Table 1.1.  However, the elongation of maraging steel is significantly lower 
than typical wrought values after heat treatment.  Previous studies suggest that the largest 
concentration of oxygen is towards the outside of the melt pool in maraging steel 300.   




steel. The elongation is significantly lower than wrought after the part is aged [14].  It may 
be possible to develop 4340 with ductility comparable to wrought because, unlike maraging 
steel 300, it does not contain elements which readily acquire oxygen to form significant 
oxide inclusions.    
 









300 Maraging steel/age 
hardened  
 
289 297 2-6 % [15] 
300 Maraging steel/ 
typical wrought 
 





182.9 207.1 13.2% [17] 
15-5 Stainless/ typical 
wrought H900 
 
201 209 10.1 % [18] 
17-4 Stainless steel/ 
precipitation DMLS 
hardened  H900 
 
182.9 206.3 11.9% [17] 
17-4 Stainless steel/ 
precipitation hardened 
wrought H900 




















This chapter will discuss the benefits of the optimization of gas atomized 4340 for this 
process.  Powder size optimization is important for optimal density of the part produced by 
this process. Microstructure and powder performance analyses will determine an effective 
particle size range for the process.  
 
2.2 Gas Atomization Process and Performance 
The powder used for the DMLS process is typically gas atomized.  The gas atomization 
process is as follows:  The solid metal, which can be certifiable scrap material or bar stock 
is melted, in a vacuum or inert gas to minimize exposure to air.  The melt is then introduced 
to a jet of inert gas which breaks up the melt into individual particles (Figure 2.1a).  The 
gas source has a relatively low thermal conductivity allowing the particles to develop a 
spherical morphology.   
 There also have been powders which have been water atomized.  Although the 
particles are fairly spherical, the oxygen content in the powder is typically higher [20]. A 
high oxygen concentration may lead to balling effect of the melt pool during laser 
interaction [21].  
The gas atomized particles are preferred because they lead to better packing 
efficiency and have adequate flow [22].  Afterwards, the powder is sieved so that the coarse 




air classified to remove the finer particles. The particles are then blended together so that 
particle sizes are as evenly distributed as possible.  The size of the particles is typically less 
than 60 microns.   
 
  




A major challenge with the DMLS process is the qualification of the powder. 
Different powder size distributions will lead to different packing densities.  The issue is 
how tight of a powder size distribution is required in order to produce parts with similar 
mechanical performance.  If the laser parameters are the same, there is a limited powder 
size range which can be melted effectively.  For instance, stainless steel 316L powder with 
a narrower distribution (15-45m) has a lower part density than the wider size distribution 
(0-45m) at higher scan speeds with a power of 50 W.  Another conclusion is that the 
evaporation of smaller particles can be caused by over exposure because the density is 
lower at slower scan speeds for powder with finer particle size [24].  In addition, packing 





heat conduction [25].   Powder size distribution will need to be tightly controlled once the 
laser parameters are selected to ensure high part densities.   
 
2.3 Evaluation of Fine and Coarser Particle Size Distributions 
During the laser powder bed fusion process with the EOS M270, the EOS default 17-4 
stainless steel laser parameters were initially used to produce 4340 steel samples (-
325Mesh, -44 m)  4340 powder (Table 2.1).  It was initially thought that the finer powder 
would pack adequately [26].  During the experiment, the flow of the powder may have 
suffered due to the agglomeration of the powder which affects recoating performance.  
There were signs of powder agglomeration because there were clumps of powder oriented 
in the horizontal direction on the recoater arm and the microstructure revealed odd shaped 
defects (Figure 2.2a).  It was likely caused by static interaction resulting from the finer 
particles (Figure 2.2b and Figure 2.3).  
After acquiring the larger particle size of 4340 steel (-53+22 microns, -
270Mesh+22 microns) (Figure 2.4 and 2.5), the larger irregular shaped pores disappeared 
as a result of the elimination of the finer particles, but there was evidence of cracking 
(Figure 2.6 a-b).  Furthermore, the process parameters produced some porosity in the 4340 
steel sample because adequate laser energy was not applied.  
The finer particles pose a safety risk as well because they become momentarily 
airborne after agitation such as pouring.  During pouring, ignition may occur and there is 
also a higher risk of inhalation of powders.  Despite using powders with a larger particle 
size, pores and cracking remained; this may indicate that the defects are likely the result of 






Table 2.1 EOS 17-4 Default Stainless Steel Parameters Applied to 4340 Steel Powder 













Figure 2.2 (A) Microstructure of DMLS 4340 steel powder (-44 micron) using EOS 17-4 
stainless steel laser parameters from Table 2.1.  Scale bar in figure (A) represents 200 






















Figure 2.6 Etched (A) and unetched (B) microstructures of DMLS 4340 steel powder  
(-53+22 micron) using EOS 17-4 stainless steel parameters from Table 2.1. The scale bar 





2.4 Recoating Experiment 
 
 Particles less than 10 microns were removed in the next set of experiments (-44+10m). 
The static interaction of the particles was reduced because the horizontal agglomerates 
disappeared and the powder flowed more freely.  However, the powder feed rate was higher 
for the manufacture of 4340 and 4140 tensile bars as compared to the nominal feed rate for 
stainless steel part coverage provided by EOS.  Powder size or material interaction was 
responsible for the difference in powder coverage.    
Three 4340 steel powder sizes (-44m +16m, -44m +22m, -53m +22m) 
were evaluated to determine if the amount of powder needed to feed part 1 in Figure 2.7 
would reduce as the particle size increases while keeping the recoating speed the same [27].   
The laser parameters were narrowed down as well.   The parameters 1-40 indicated in 
Appendices A.1-A.3 in the image were used to determine if the powder packing was similar 
with each powder type according to microstructural evaluation [27]. The parts were 
arranged on the plate as follows in Figure 2.7.   The powder is verified to be gas atomized 
because the powder particles are mostly spherical as can be seen in Figure 2.8. Gas 
atomized powder is preferable because the spherical particles produce high packing and 
there is minimal interaction between powder particles (frictional forces) [25]. The resulting 
microstructures, produced by the process, in this parameter range, has fine grains in the 
micron size range (Figure 2.9). The powder particles do not appear to pack significantly 
different between the three size distributions because the resulting porosity is minimal for 
optimal parameters (Figure 2.10) [27]. The pores are minimal and round in shape. 
Furthermore, the porosity increases when the parameters are not optimal (Figure 2.11). As 




the recoating parameters were determined for the -325Mesh+22micron at 80mm/sec, the 
recoating speed was increased to determine whether recoating could be improved. First, 
the recoating speed was increased to 250mm/sec [27]. The feed ratio decreased to 3.42 for 
full build plate coverage. When the recoating speed was reduced to 50mm/sec, part 1 was 
not fully covered with powder. As a result, there is a significant interaction of the powder 
with the recoater blade and sintered part during the build. There is no major difference in 
powder packing with the three sizes of powder. 
There were minor variances in the recoating performance of the powder because 
the feed ratio was between 3.83 and 4.17 at recoater speed of 80mm/sec (Table 2.2). A 
higher quantity of powder was needed to cover part 1 in Figure 2.7 because the component 
has a higher cross section. Furthermore, the 4340 powder with lower apparent density and 
highest flow rate required the most powder for full coverage. The large differences in feed 
ratio between stainless steel and 4340 (-270Mesh+22microns), at similar size, is likely due 
to differences in the magnetic properties of the 4340 steel powder [27].  
 
 
Figure 2.7 Schematic (A) and picture (B) of a build on the plate of the horizontal section 
of the location of the part, recoating direction and the location of 40 metallurgical cubes. 
Source: [27]. 
Recoating Direction 








Figure 2.8 250x magnification SEM photos of 4340 steel powder: (A)-325Mesh+16m, 






Figure 2.9 100x and 500x of a representative structure of DMLS.  The scale bar text in (A) 





Figure 2.10 50x unetched image of the microstructure of the powder (A) -325Mesh+16m, 
(B) -325Mesh+22m, and (C) -270Mesh+22m at 185W and 725mm/sec. The scale bar 
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Figure 2.11 50x unetched image of the microstructure of the powder (A) -325Mesh+16m, 
(B) -325Mesh+22m, and (C) -270Mesh+22m at 185W and 450mm/sec.  The scale bar 





Table 2.2 Summary of Particle Size, Apparent Density, Flow Rate, and Feed Ratio at 
80mm/sec Recoating Speed. EOS Stainless Steel Powder and the Three Different Sizes of 
4340 Steel were Analyzed 
















GP1 Stainless steel 27.1 38.4 52.0 4.22 3.47 3.00*  
-325Mesh+16m 23.9 33.5 46.3 4.03 3.26 3.83 
-325Mesh+22m 27.6 37.2 50.6 3.96 3.55 4.17 
-270Mesh+22m 29.5 39.2 51.9 3.98 3.43 4.00 
*Feed ratio is based on nominal EOS recoater feed ratio for 17-4 stainless steel  
Source: [27].  
 
2.5 Chemical and Morphological Analysis of Powder and Parts 
The oxygen combustion and energy dispersive spectroscopy analyses also confirm that the 
virgin powder is produced by a gas atomization process due to the low oxygen content and 
spherical morphology (Figure 2.12 and Table 2.3).  As the powder is reused, the oxygen 
concentration increases (Table 2.3).  This is partly a result of unsintered powder which 
melts or vaporizes when exposed to heat in the chamber, combining with other unsintered 
powder (Figure 2.13).  The fan removes the majority of the particles to the recirculating 




system.  Since the condensate contains larger oxygenated particles, the laser may not have 
enough energy to fully melt the larger particles to create a fully dense melt pool. Poor 
recoater performance may result from improper spreading as indicated by (Figure 2.13) 
[28].  Thus, it is important to sieve the larger particles out after each build.  The oxides are 
likely to be forming during ejection of the particles according to a study of Al10SiMg and 
316L stainless.  These materials show the presence of oxides resulting from the reactions 
with Si and Mn, respectively.   
In addition, there are also oxygenated particles which cannot be sieved out because 
they are of an intermediate size (Figure 2.14).  Furthermore, there are no significant oxide 
inclusions in the sample according to oxygen and microstructure analyses of 4340 steel 
(Table 2.3).   
 
Table 2.3 Oxygen Combustion Analyses of Powder and Part 
 
 
Figure 2.12  Image of virgin powder (A) and EDS spectrum (B) of the oversized 
oxygenated particle.  
Source: [2]. 
Sample type Oxygen content 
wt% 
4340 (-44 +10 m) virgin .035  
4340 (-44 + 10 m) used sieved with 80 micron .045  






Figure 2.13  Image of the recycled powder (A) and EDS spectrum (B) of the oversized 




Figure 2.14 Image of the recycled powder (A) and EDS spectrum of the oxygenated 





The powder selection is an important step because adequate packing and flow is required 
to fabricate effective parts.  After the finer particles (<10microns) were removed from 44 
micron powder, adequate flow was obtained. However, there was high particle and recoater 
interaction which required much more powder to feed larger cross section in comparison 
to 17-4 stainless steel. Therefore, three slightly larger particle sizes in the range of 16-53 
microns were investigated to determine feed rate, but feed rate required did not change 





performance.  The process also produced splatter which needs to be removed by the 







OVERALL MICROSTRUCTURE ANALYSIS 
 
3.1 Description of Microstructure Analyses Performed 
Generic microstructural characteristics for the low alloy steel was analyzed in the as built 
condition.  Microstructure and phase analysis were also analyzed as a function of material 
condition in the horizontal (x-y) and (z) vertical orientations.   
 
3.2 General Microstructure of 4340 and 4140 using Laser Powder Bed Fusion 
The predicted structure of 4340 DMLS manufactured samples based on the phase diagram 
is martensitic due to rapid cooling which is indicated by the TTT (Time-Temperature-
Transformation) curve in Figure 3.1. Nickel is in solid solution with the iron and it 
stabilizes the austenite phase [29].  Thus, it allows for a slower cooling rate to form 
martensite. 
According to the previous literature, the top of the build surface was martensitic 
microstructure due to rapid cooling of steel [30] [31]. As the layers are built on top of the 
martensitic layer, there is heating which likely converts some of the original martensite 
into different phases according to a study on plain carbon steel [30].   
This is confirmed by the top image of the 4340 microstructure because it appears 
to be a predominantly martensitic structure (Figure 3.2).  The hardness is in the range of 
654-725HV HRC (58-61HRC) and is also indicative of high martensite content.  The 
hardness decreases from the top surface because the subsequent layers heat up the 




decreases to 387-523HV (40-51 HRC) within the substrate. The microstructure has fine 
band which consist of sub-grains because of the rapid cooling.  It is likely caused by the 
scan stripe strategy because similar bands were observed on Inconel 625 produced on the 
EOS M270. The melt overlap and directional heating likely promotes growth of the bands 
[32].   
The second material evaluated is 4140 steel.  The TTT (Time-Temperature-
Transformation) diagram of 4140 is shifted towards the left in comparison to 4340 (Figure 
3.4).  Thus, it has a lower hardenability than 4340 due to a decrease in nickel (Table 3.1) 
content.  The microstructure of 4140 steel produced by this process is similar to 4340 steel 
(Figure 3.5).  
   
 
Figure 3.1 TTT diagram for 4340 steel.  






Figure 3.2 DMLS 4340 sample of the top surface. The scale bar represents 20 microns. 
   
 
Figure 3.3 DMLS 4340 sample of the substrate. The scale bar represents 10 microns. 
 
 
Figure 3.4 TTT diagram for 4140 steel.   
     Source: [34]. 
Substrate 









Table 3.1 Chemical Composition of 4340 and 4140 Steel 




Fe Balance Balance 
C 0.37-0.43 0.38-0.43 
Mn 0.60-0.80 0.75-1.00 
Ni 1.65-2.00 -- 
Cr 0.70-0.90 0.80-1.10 
Mo 0.20-0.30 0.15-0.25 
Si 0.15-0.30 0.15-0.30 
S 0.04 0.04 
P 0.03 0.04 
 
 
3.3 Previous Fracture Toughness Evaluation 
The build platform temperature is near 80oC (176oF).  4340 at similar yield strength (160-
180ksi) has a significantly higher crack arrest toughness at 165 oF than 4140 [35].  It may 







3.4 Heat Treatment Evaluation of 4340 Microstructure 
Based on the microstructure evaluation of metallurgical cubes, there are some differences 
in the microstructure in the longitudinal and transverse direction. Additionally, the parts 
also have a small concentration of austenite which is removed by stress relief according to 
XRD (X-ray Diffraction) results (Figure 3.6). The as sintered specimen has heat zone lines 
(Figure 3.7).  However, melt pool line remnants are apparent (Figure 3.8). The hardness 
does not vary significantly as a function of orientation (Figures 3.7 and 3.8). After 
normalizing, the melt pool boundaries disappear and produce a coarse grained structure 
(Figure 3.9). The structure in the longitudinal and transverse directions appear to be more 
homogenous.  Thus, the samples need to be normalized to produce more isotropic parts.  
The normalizing process introduces small concentration of austenite according to XRD 
results.  Next, the part is austenitized at 1500oF and quenched in oil.  Then, the part is 
tempered at 375oF for two hours.  The quench and temper eliminates the retained austenite 
from normalizing the part (Figure 3.10).  The structures in both directions are more 





Figure 3.6 XRD analysis of as sintering, stress relieved, normalized, quench and tempered. 
 
 
Figure 3.7 500x micrographs of as-sintered condition in the transverse (A) and longitudinal 
direction (B). The scale bar represents 20 microns. The hardness was between 47-50 HRC 













Figure 3.8 500x micrographs of stress relieved condition in the transverse (A) and 
longitudinal direction (B). The scale bar represents 20 microns. The hardness was between 




Figure 3.9 500x micrographs in normalized at 1650oF in the transverse (A) and 
longitudinal direction (B). The scale bar represents 20 microns. The hardness was between 












Figure 3.10   500x micrographs normalized, austenitized, quench and tempered in the 
transverse (A) and longitudinal direction (B). The scale bar represents 20 microns. The 





4340 steel and 4140 steel were evaluated.  The structure of the low alloy steels begins as 
predominantly martensitic due to rapid cooling.  The rapid cooling produces a fine 
substructure with bands.  The structure transforms to a mixed (tempered) structure after 
subsequent layers are added.  A similar structure was observed for 4140.  The structure 
















MECHANICAL AND MICROSTRUCTURAL EVALUATION  
OF LASER PROCESS PARAMETERS 
 
 
4.1 Brief Description of Process Parameter Development  
Laser parameter development is required to identify parameters for dense structures of low 
alloy steel. Microstructural analyses of specimens processed under various laser 
parameters were performed.  By verification of the mechanical performance, we were able 
to establish energy density to produce mechanically sound components.  The parameters 
were further optimized to establish an effective parameter set for repeatability studies. 
 
4.2 Porosity and Initial Parameter Selection - Literature Review 
Porosity is controlled by the process parameters.  A study performed on 316L stainless 
steel provides some valuable insight into the formation of pores in the structure [36].  If 
the energy density is adequate, then the melt pool will be continuous and the part will 
achieve a high density.  At high part density, random pores may be attributed to trapped 
gasses in the powder bed.  If the energy density is decreased significantly (i.e. increasing 
laser scan speed or decreasing laser power), the porosity increases according to a study 
performed on 316L stainless. If hatch distance is too high, the melt pool overlap is not 
adequate which would lead to porosity.  If the laser scan speed is too high while other 
parameters remain the same, then the melt pools become unstable and are not continuous.  
The main reason they become unstable is the area of interaction between the melt pool and 




[21].  If the applied energy density is too high, it may lead to the keyhole effect which 
produces porosity [37]. 
 
4.3 Selection of Parameters 
Metallurgical cubes were widely used in these experiments because they reveal the 
recoating performance and the layer by layer interaction of the laser with the powder bed. 
When 10-44 micron powder was used, the process parameters were varied significantly 
from 400-1500mm/sec, 120-195Watts, and 0.1mm hatch distance (Table B.1 in Appendix 
B). These parameters were evaluated to select and identify the process variables [38]. 
During the build, the parameters corresponding to high energy density (>180 J/mm3) were 
not used due to the build-up of thermal stresses in the specimens. These high thermal 
stresses cause the lifting of the corners of the cubes. At high energy density, it indicates 
that the melt pool instability caused slight porosity (Table 4.1; Figure 4.1a).  When the 
energy density was reduced slightly, there was evidence of cracking between layers with 
moderate porosity and slightly higher hardness (Table 4.1; Figure 4.1b) [38]. When the 
applied energy was significantly reduced, the melt pool lines were likely to be too thin for 
adequate melt pool overlap.  It may have also been caused by balling due to unfavorable 
wetting. (Table 4.1; Figure 4.2-a-b) [21]. 
The parameters which produced samples with minimal porosity are outlined in 
Table 4.1 [sample B]. This is the evidence of adequate melt pool overlap [39].  The 
corresponding microstructure is shown in Figure 4.3 a-b.  Tensile testing was used to verify 






















A 500  170 0.10  170  434.6 
B 600  170 0.10  142  425.2 
C 900  170 0.10  94.4  471.8 
D 1200  170 0.10  71  467.4 
E 1500  170 0.10  57  497 
 
 
Figure 4.1 50x micrograph of etched longitudinal section of 4340 using Table 4.1 sample 




Figure 4.2 200x micrographs of etched longitudinal cross section of low alloy steel using 










Figure 4.3 50x micrograph for sample B Table 4.1 (A) and 500x sample B (B). The scale 
bar represents 200 microns for (A) and 20 microns for (B).  
Source: [38]. 
 
4.4 Literature Review - Tensile Geometry  
Tensile properties are slightly anisotropic for DMLS produced parts [40]. Another issue 
with the process is that different facilities test tensile specimens with different geometries. 
Flat specimens, whether machined or not, have higher variation in tensile properties than 
cylindrical specimens.  In addition, unmachined specimens have higher variation than 
machined specimens [41].  In this study, cylindrical tensile specimens were machined in 
accordance with ASTM E8 in order to have more consistent results [42].   A major 
downside is that it takes a long time to build large specimens (minimum 4” long with a 
reduced section of .25”). The total cost, when multiplied by numerous test facilities, is 
tremendous to build and test the mechanical properties for a particular material to generate 
statistically significant data. 
 
4.5 Initial Tensile Testing 
Mechanical properties were generated for 4340 steel material samples that were produced 





determine if the energy density range was appropriate for the process. The parts were stress 
relieved at 1100 oF for 1 hour for this study to prevent warping.  The parameter B from 
Table 4.1 was chosen.  The sample had significant ductility because there was significant 
necking strain according to the stress strain curve (Figure 4.4).  The yield strength and the 
ductility matched 4340 steel according to ASM international Standards (Table 4.2 and 
Figure 4.4).  The parts were initially built in the x-y orientation [2]. 
 


















29,000  183  199 15 
Run A: DMLS of 
Virgin Powder 
 
31,000  189-190 199 16-17 
Run B: DMLS 
after once recycled 
powder. 









4.6 Mechanical and Microstructural Evaluation at Optimal Applied Energy Range 
The hatch distance, power, and speed were changed to maintain the energy density between 
113-163 J/mm3. All the cubes had a density greater than 99 percent of its theoretical density 
according to Archimedes density measurements (assuming the density of wrought 4340 is 
7.85g/cm3 [43].  The hardness and density did not vary significantly with these samples 
(Table B.2 in Appendix B).  However, there was some cracking in several of the cubes in 
the x-y direction which may have been caused by gas flow issues.  The gas flow tube was 
disconnected.  The tube assists in controlling the air flow.  It may have been an indication 
of variability of air flow which may have led to cracking of the samples on the left side of 
the build chamber.  Several cubes on the left side of the chamber were darker after laser 
exposure which likely indicates air flow issues.  Mechanical testing was needed to provide 
further insight into the parameters that provided good tensile properties. All the samples 
were heat treated afterwards. The samples were stress relieved at 1100 o F, normalized at 
1650 o F for one hour, passively cooled to room temperature, heated to 1500 o F for one 
hour, quenched in oil and finally tempered at 375o F for two hours.  All ten tensile bars 
were then machined to 3/8” diameter with a reduced section of 1/4” diameter specimen in 
accordance with ASTM E8. 
One of the objectives in this study was to build successful Z oriented tensile 
specimens.  A relatively low energy density was chosen to fabricate the tensile specimens 
(~125 J/mm3) to ensure that they would build successfully. Two parameter sets were 
chosen in which the hatch distance and laser scan speed were balanced in order to achieve 
a similar applied energy density (Table 4.3). The tensile bars built smoothly because there 




powder layer.  It shows that there was minimal interaction with the recoater which indicates 
that these parameters produce relatively low thermal stress. All the tensile bars exhibited 
ductile behavior which was indicated by the necking and the engineering stress-strain 
curves (necking strain) (Figures 4.5-4.6).  The modulus of elasticity, yield strength and 
tensile strength were similar for both samples. Sample A showed evidence of cracking near 
the fracture surface (Figure 4.7).  These values are comparable to wrought.  However, the 
elongation values for sample A are slightly lower than that of sample B (Table 4.4). Both 
are significantly lower than wrought.  The microstructures in the as sintered condition are 
different in part because the heat affected region for laser parameter set B is generally larger 
than A according to Figure 4.8 a-b. Thus, it may indicate that the laser did not penetrate as 
deep into sample A as sample B.  
 
Table 4.3 Laser Parameters for Tensile Build for Samples A and B 












A 1050  185  0.07  125.9  




















Wrought 29,000  220  270  11 
A 29,800  226-234  293-299 6.0-7.6 
B 29,500  226-231  293-296 7.1-10.3 

























Figure 4.8 200x as-sintered etched micrographs from the laser parameters used in sample 
A (A) and sample B (B), respectively. The scale bar represents 50 microns. 
 
 
Afterwards, the energy density was increased to 134.1 J/mm3 by decreasing the 
laser scan speed for sample B to 575mm/sec (Table 4.5).  The mechanical properties are 
similar to samples A and B specimens except the elongation is significantly higher as 
shown in Table 4.6.  The elongation increases to 9-11 wt% in the z direction (Figure 4.9). 
In the x-y orientation, the elongation is 10- 12 wt% (Figure 4.9).  Thus, the increase in the 
laser dwell time led to an improvement in the mechanical performance of the specimen.  
The maximum heat affected region in the as sintered condition are comparable to sample 
B (Figure 4.10).  The improvement may have resulted from a stronger interlayer bonding 
due to slightly higher absorption of laser energy. The top layer thickness was then evaluated 
in the next section to further understand laser absorption mechanisms to provide insight 

























Applied Energy  
Density 
J/mm3 
C 575  185 0.12  134.1  
 
 














Wrought  29,000  220  270  11 
Z 29,300  226-234  288-290  9-11  














Figure 4.10 200x as sintered microstructure etched micrograph using parameters from 
Table 4.5 sample C. The scale bar represents 50 microns. 
 
4.6.1 Laser Absorption Study 
Laser absorption is critical because the powder has higher absorption rate than the substrate 
due to the higher cumulative surface area of the powder in comparison to the solidified 
section.  It is extremely important to have the proper hatch distance so that there is adequate 
overlap with the melt pool while having high effective absorption of the laser beam by the 
powder bed.  The maximum martensite layer thickness (12 measurements) is evaluated at 
195, 150, and 100 watts with the hatch distance between 0.08 and 0.14mm. The maximum 
values were taken because there were variances in the layer thickness.  The energy density 
was between (125-145 J/mm3).  When the applied energy density, power, and layer 
thickness are the same, the absorption of laser energy is different because the initial 
martensite layer thickness is significantly higher as the speed is decreased after the same 
energy density is applied (Table 4.7).  Thus, the speed of the laser has a major influence on 
the absorption.  When the hatch distance is increased from 0.08mm to 0.10 mm at the same 
applied energy density, the average martensite layer is significantly thicker than 0.08 mm 




same energy density, the higher power generally has a thicker layer than the lower power 
constituents.  Thus, the power and speed have the strongest influence on laser absorption. 
Furthermore, it shows that the energy density equation is not valid because the martensite 
layer thickness varies significantly when only hatch distance and speed are changed at the 
same energy density level.  There is a limitation in which speed can be decreased because 
it will lead to an increase in melt pool instability.  Thus, the maximum martensite top layer 
thickness provides some qualitative insight into the absorption of laser energy.  
Furthermore, there was a study on 17-4 stainless steel where the laser power and speed 
were changed to maintain the same energy density [1].  At lower power, the part density 
reduced significantly because of the reduction in laser penetration.  There are other 
methods to provide insight into the process such as single melt pool analysis which may 
provide an initial baseline for power and speed needed to make a continuous melt pool with 
appropriate penetration. For instance, a study on Ti-6Al-4V shows that generally the melt 
pool depth increases as the laser power is increased and speed is decreased [44].  However, 
there was unexpected minimal penetration at maximum applied power of 195W at two scan 
speeds for the EOSINT M270.  It suggests that there is possible power fluctuation for the 
laser. An appropriate hatch distance is selected based on melt pool overlap to make test 
































125 195 .08 975 111.1 9.5 
125 195 .10 780 150.5 14.0 
125 195 .12 650 167.8 13.1 
125 195 .14 557.1 159.3 18.8 
135 195 .08 902.8 126.4 9.1 
135 195 .10 722.2 152.0 16.3 
135 195 .12 601.9 157.5 9.5 
135 195 .14 515.9 173.1 13.6 
145 195 .08 840.5 133.7 6.8 
145 195 .10 672.4 164.6 12.6 
145 195 .12 560.3 192.6 10.7 
145 195 .14 480 220.4 19.0 
125 150 .08 750 98.4 7.4 
125 150 .10 600 123.8 11.0 
125 150 .12 500 144.1 7.5 
125 150 .14 428.6 159.7 12.1 
135 150 .08 694.4 111.9 14.6 
135 150 .10 555.6 134.1 15.9 
135 150 .12 463 159.3 8.7 
135 150 .14 396.8 178.7 9.0 
145 150 .08 646.6 138.5 15.6 
145 150 .10 517.2 180.9 12.1 
145 150 .12 431 167.8 11.6 
145 150 .14 369.5 186.2 10.2 
125 100 .08 500 73.1 5.3 
125 100 .10 400 89.1 6.8 
125 100 .12 333.3 114.7 14.4 
125 100 .14 285.7 131.2 11.3 
135 100 .08 463 99.6 9.7 
135 100 .10 370.4 114.6 6.1 
135 100 .12 308.6 126.9 7.2 
135 100 .14 264.6 127.4 4.2 
145 100 .08 431 97.4 6.5 
145 100 .10 344.8 103.2 11.1 
145 100 .12 287.4 132.3 11.2 







4.7 Process Optimization 
Parameters were further optimized since the previous results are comparable to wrought 
after heat treatment. The parameters were the centralized parameter set from Table 4.5.  
The microstructure was analyzed after 40 cubes, with various parameters, were built with 
three different powder types (in Appendix A Tables A.1-A.3).  In order to ensure 
consistency, the specimens were built in the same location (Figure 4.11). Three parameters 
were selected based on microstructural analysis (Table 4.8). The applied energy density 
was around ~135 J/mm3 for all three samples to determine if there would be significant 
differences in the interlayer bonding in a tight energy density range. The x-y tensile bars 
were machined from the block.  Meanwhile, the reduced section of the z tensile specimens 
were machined from the rod. The aspect ratio of the z tensile bars was approximately 11.33 
(4.25” tall/.375” diameter). The samples complied with ASTM E8.  22-53 micron powder 
was used.  
 
 








Table 4.8 Parameter Set 4340 Steel: 20 Micron Layer and 4mm Stripe Width 






A 185  0.12 575  
B 185  0.10 700  
C 185  0.11 625  
 
 
Table 4.9 Tensile Results: Parameters are Based on Table 4.8  












29,000 220  270  11% 
A as sintered(z) 29,000 156-161 175-178 16-18 
A as sintered(x-y) 29,000 185-193 201-208 19 
A stress relieved(z) 29,000 154-156 166-167 16-17 
A stress relieved (x-y) 30,000 177-182 188-192 16-18 
A heat treated (z) 30,000* 204-217 276-277 12-15 
A heat treated (x-y) 30,000* 204-207 278-279 13-14 
B heat treated (z) 29,000 224-227 272-274 12-14 
B heat treated (x-y) 27,000-29,000 227-229 275-277 12-14 
C heat treated (z) 29,000 228-229 253-262 12-13 
C heat treated (x-y) 29,000 230-231 256-264 12-14 




The samples oriented in the x-y direction have a significantly higher yield strength, 
ultimate tensile, and elongation than the z orientation as can be seen in Table 4.9 and Figure 
4.12.  According to tensile data, there is significant anisotropy in the as sintered and stress 
relieved conditions.  There is evidence of ductility based on the fracture surface, necking, 
and their respective stress strain curve (Figures 4.12-4.13).  The results are fairly consistent 
between the sample points.  After the parts were stress relieved; the tensile strength, yield 
strength, and elongation were slightly reduced.  The tensile data showed that it was still 




center.  They broke near the height where the z orientation Charpy specimens finished 
building (Figure 4.14a samples 19-21).  For the vertically built specimens in the as built 
and stress relieved condition, portion of the decrease in strength is likely related to the 
significantly higher  temperature resulting from less cooling time and lower cooling rate as 
build height increases [45] [46].   The parts were significantly darker on the top surface 
after all of the other components were built.  Since the parts were also approximately 2” 
off the build plate, the build plate does not play a significant role in dissipating heat. Thus, 
excess heat is built up in the z oriented rods. 
The tensile specimens may have slight changes in microstructure which may lead 
to preferential breaking.  To confirm this effect, a test cylinder was built with other samples.  
The height of the cylinder extended beyond the height of the remaining samples.  The 
microstructure was darker at the height where the cylinder was built with other samples 
versus where the cylinder was built alone (Figure 4.14b). The lighter region also had a 
slightly lower hardness of approximately 2-3 Rockwell C (converted from Vickers) lower 
than the darker region [45].  The microstructural and hardness data suggests that the cooling 
between layers is significantly greater at a height where the part with a uniform cross 
section is being built with other parts in comparison to where same part is being built alone.  
Thus, this increasing the time by reducing the recoating speed from the final to the initial 
position between scans may prove to be beneficial because there is more time for the part 
















Figure 4.14 Overall image of the pulled tensile specimen parameter set B, Table 4.9 (A) 















4.7.2 Heat Treatment 
 
The yield strength, tensile strength, and elongation are nearly isotropic for the three 
parameters [Table 4.9 (Figure 4.15-4.17)].  The fracture surface indicates ductility with 
small voids in the microstructure in the heat treated condition (Figure 4.18).  However, the 
vertically oriented bars fractured near the same height which means that the thermal effects 
are affecting the mechanical behavior even after heat treatment.  It may mean that there is 
slightly higher porosity or slight differences in structure near the height of failure.  
 
 
Figure 4.15 Stress strain curve of parameter  A in the heat treated condition. 
 
 






















Figure 4.18 Fracture surface of parameter A from Table 4.8 in the heat treated condition. 
 
4.8 Charpy Impact Toughness 
Preliminary Charpy testing indicates that the toughness varies as a function of heat 
treatment condition. In all cases, the notch is oriented in the x-y direction.  The parameter 
set B was selected for repeatability studies because the tensile results and preliminary 
Charpy results were slightly better than A and C in the heat treated condition (Table 4.10).  
According to microstructural analysis, parameter B has minimal porosity without evidence 





Table 4.10 Charpy Impact Testing Results According to ASTM 23 with Notch Oriented 
in X-Y Direction Tested at 80oF using Parameters from Table 4.8 




Shear Area  
(%) 
A as sintered 85 35  32 
A stress relieved  75 36 42 
A heat treated 22 6 22 
B heat treated 24 4 22 




Figure 4.19 As sintered microstructure in longitudinal direction. The scale bars read 100 




Laser power and scan speed are the most influential parameters for laser energy absorption 
near optimal energy densities at a particular layer thickness.  The optimal parameters were 
selected near 130-140 J/mm3. There is anisotropy in parts which is partly contributed by 
degree of cooling between layers during the build according to microstructural analysis. In 
addition, the optimal parameters show mechanical properties that are comparable to 











5.0 Laser Parameter Microstructure and Mechanical Evaluation 
The objective of this study is to evaluate the mechanical performance of builds to determine 
the factors which contribute to the repeatability of the process after laser parameter 
development.  
 
5.1 Literature Review 
Repeatability, location, and interlayer defects will be discussed based on a review of the 
literature. They have the potential to affect the mechanical performance of specimens.  
5.1.1 Repeatability 
The process has been shown to be repeatable according to literature review.  According to 
a study on Inconel 718, Charpy toughness and porosity had minor variations after 14 builds. 
The particle size distribution increased slightly as well.  The evidence shows that the 
process is repeatable [48]. 
There was another study in which virgin Ti-6Al-4V powder underwent 12 
production cycles. The ultimate tensile strength of the bars was between 1000-1100 MPa 
and the density was higher according to Archimedes after 12 cycles.  However, the size of 





5.1.2 Location Effects 
The National Institute of Standards and Technology (NIST) performed hardness 
measurements on 17-4 stainless in the as built and stress relief condition as function of 
location on the EOSINT M270.  It showed that the machine can build components with 
fairly consistent mechanical properties [50]. 
5.1.3 Interlayer Defects 
Large interlayer defects are typically caused by lack of fusion or gas pores.  The effective 
cross sectional area can be significantly reduced for vertically oriented tensile specimens 
due to high concentration of planar defects.  The morphology of the defects is important as 
well because defects with sharp edges can increase the stress concentrations which lead to 
inferior mechanical performance.   
The anisotropic mechanical performance of components can be caused by 
interlayer defects.  According to a study on 17-4 stainless, vertically oriented tensile and 
fatigue specimens are more sensitive to interlayer defects in comparison to horizontally 
oriented sample.  The strength and fatigue properties were noticeably inferior in the vertical 
versus horizontal orientation.  Defects include lack of fusion and/or gas pores which result 
in poor interlayer bonding.  Since there are more layers in the z orientation and a smaller 
cross section, the vertical tensile results are likely to be more sensitive to interlayer process 
flaws than in the horizontal [51].  In another study, Charpy toughness testing was 
anisotropic due to planar defects.  The V notch Charpy toughness was lower for the notch 
oriented in the x-y plane vs. the notch oriented in y-z plane (Figure 5.1) [52].  Interlayer 
flaws are caused by process defects provided that the laser is in proper working order and 










5.2 Verification Builds 
After the parameter development phase, mechanical behavior was evaluated as a function 
of location and orientation for each build to evaluate the process using optimal parameters 
(Table 5.1).  The same build was repeated three more times consecutively [45]. 
 














Each build was divided into five clusters or locations: the four corners and the center of the 




tensile, fracture toughness (K1C) and v-notched Charpy impact testing. However, the K1C 
specimens were only in location 3, not the four corners.  The powder was sieved through a 
63 micron screen after each build to remove the large particles.  The Charpy and tensile 
properties were evaluated at all five locations.  The mechanical test specimens were heat 
treated to 51 HRC according to the previously described process.  The tensile bars were 
machined and tested in accordance with ASTM E8 [42].  The Charpies were milled and 
notched with a double angle cutter and then tested in accordance with ASTM E23 [47]. 
The K1C notches were EDM’ed (Electrical Discharge Machined) and surfaces were ground 
and then tested in accordance with ASTM E399 [53].  Each specimen was built with a 
three-digit label:  the first digit represents build number (1 – 4), the second number 
represents location (1 – 5), and third number represents specimen number within the 
defined location.  Three specimens were tested for each condition.  For example, sample 
123 represents build 1, location 2, and specimen 3.  Specimen number 1 through 3 are built 
in the vertical or z direction. Specimen number 4 through 6 are built in the x-y or horizontal 
direction.  The metallurgical cubes are labeled with two numbers: the first is build number 
and the second is location [45].  22-53 micron powder was used.  
 
 
Figure 5.2 (A) Top view image of the verification and (B) ISO image of the build plate. 
Source: [45]. 
Recoating direction 
Location 1 Location 2 
Location 3 






5.2.2 Overall Tensile Results 
The tensile strength, yield strength, and elastic modulus were consistent across the 
specimens.  There were variations in ductility or elongation and the Charpy impact 
toughness results varied which will be discussed in the following sections - 5.2.3-5.2.6 
[45]. 
5.2.3 Build Anomalies 
There were three tensile specimens that exhibited brittle behavior (included in Table 5.2).  
Samples 122 and 152, which were z oriented tensile bars, fractured near the same height. 
There appears to be large defects with evidence of lack of fusion (Figure 5.3).  They were 
in line with each other on the build and relatively farthest away from the dispensing bin 
(Figure 5.2a).  Thus, this indicates that the powder did not fully cover the tensile bars near 
that height for several layers which would cause weak interlayer bonding [45].   
 
 
Figure 5.3 (A) 100x image of fracture surface of  specimen 122 (B) 100x image of fracture 
surface of specimen 152. 
 
 
The 3rd build anomaly occurred in z tensile sample 431 during build 4.  The failure 





structure according to Figure 5.4 [45].  One explanation may have been that the recoater 
blade jammed several times on the tensile block in location 2 just below the height at which 
the fracture occurred. The raised surfaces were filed down and the task continued until 
completion.  Thus, the interrupted layers may not have strongly bonded to each other as 
subsequent layers [45].  Another possible explanation may have been that condensate could 
have reached the lens or fell on the part due to long duration of the build ~(180 hours). It 
is recommended that the lens be cleaned after 75 hours of build time [54].  Condensate 
particles can interact with the laser which can absorb laser energy and scatter the laser 
beam which will then bond non-melted particles to the surface. Therefore, it will effectively 
decrease the laser energy reaching the powder layer [55].  As a result, the beam may not 
be able to effectively melt the powder which can lead to significant defects [45].   
 
Figure 5.4 100x image of fracture surface of specimen 431. 
 
 












122 29 221 282 2.5 
152 29 220 278 3.3 






There were also three tensile rounds (111, 112, 113) which were knocked over 
during the first build and the recoater jammed after the formation of several layers.  The 
knock over was caused by poor part adhesion to 4340 build plate which may be attributed 
to the surface chemistry and/or condition.  The next three builds were on low-carbon steel 
plate [45].  
5.2.4 Tensile Results in Horizontal Orientation 
The laser parameters chosen were proven to be effective for builds 1-4 because the average 
x-y tensile mechanical properties were comparable to wrought at all locations.  However, 
there were two specimens, 324 and 424, at location 2 which had significantly lower 
elongation values in comparison to the other samples in Table 5.3 [45]. These were located 
on top region of the tensile block (highest z).   Location 2 had the lowest elongation and 
highest relative standard deviation in the x-y direction compared to the other locations 
(Table 5.3) [45]. 
























Build 1 29 223 284 11.7 0.6 4.8 
Build 2 28 224 284 11.7 0.8 7.1 
Build 3 29 223 282 11.7 1.1 9.0 
Build 4 29 222 282 11.2 1.4 12.1 
Location 1 29 223 283 11.6 0.8 6.8 
Location 2 29 223 283 10.7 1.5 13.8 
Location 3 29 224 284 11.8 0.5 4.0 
Location 4 28 223 282 12.1 0.8 6.7 
Location 5 29 223 282 11.6 0.7 6.2 
X-Y  29 223 283 11.6 1.0 8.6 
324 29 220 281 9.2 N/A N/A 





5.2.5 Tensile Results in Vertical Orientation 
The z oriented percent elongation varied significantly from build to build.  Builds 1 and 3 
have significantly higher elongation and lower standard deviation than builds 2 and 4 
(Table 5.4).  New filters were used during build 1 and build 3 [45].  The gas flow was 
significantly better during builds 1 and 3 because the filters were not as clogged in 
comparison to builds 2 and 4. Gas flow is important because the fan removes the 
condensate particles [45].  Gas flow rate likely decreased as the filters were getting clogged. 
There was evidence of significant porosity on the fracture surface of the tensile specimens 
(Figure 5.5).  The reduction in condensate removal would lead to an increase in laser 
interaction with the condensate which results in process defects.  Location 2 (top left of 
Figure 5.2a) performed the worst across the board.  Location 2 had the lowest percent 
elongation and highest relative standard deviation compared to the other locations [45].   
 
 










Table 5.4 DMLS 4340 Steel, Heat Treated Condition, Z Orientation.   The 3 Samples in 


























29 220  270  11 N/A N/A 
Build 1 29 222  285  10.5 0.7  6.3  
Build 2 29 223  280  9.0  1.6  18.0 
Build 3 29  223  282  11.5 0.7  5.7 
Build 4 29  221  279  9.9  1.2  12.6 
Location 1 29  222  281  10.7 1.3  11.7 
Location 2 29  221  280  9.2  2.1  23.2 
Location 3 29  223  282  10.6  0.8  7.5 
Location 4 29  223  282 10.2  1.4  13.8 
Location 5 29  223  281  10.3  1.0  9.4 
Z  29  222  281  10.2 1.4 14.1 
X-Y 29  223  283  11.6 1.0 8.6 
Source: [45]. 
 
5.2.6 Charpy Impact Toughness Results 
The impact toughness in build 4 was inferior to the other builds which may be attributed 
to multiple build stoppages near the height where the notch was cut in the z direction which 
may result in poor interlayer bonding [45].  The average impact toughness was the lowest 
and the variance was the highest for location 2 as well.    
Mechanical testing indicated inferior mechanical performance at location 2 which 
was likely caused by poor gas flow in that region in general because it was the worst 
performing region by far according to the mechanical testing (Tables 5.3-5.5).  In another 
study conducted by Ferrar et.al, the gas flow was improved by modification of the rail 
design with nozzles and diffusers which provide a more uniform gas flow across the build 




variation in porosity and compressive strength of the titanium samples in comparison to 
the initial design [55].  Condensate removal is an important aspect of the process [45].   
Another study from Lawrence Livermore National Labs shows that the melt pool 
geometry is affected by inert gas pressure.  At lower Ar gas pressure, the melt pool height 
was significantly smaller while the powder depleted region on the side of the melt pool 
increased [56].  The ejection of particles from the melt was dominated by the vapor pressure 
during the sintering process.  Meanwhile, at higher inert pressure, more powder particles 
are attracted to the melt which creates larger melt pool and smaller powder depletion 
region.  Thus, significant changes in gas flow can create defects which can degrade the 
mechanical performance [56]. 
 
 
Table 5.5 DMLS 4340 Steel V notch Charpy and Fracture Toughness Results  























Build 1 12.1  1.7  14 49.5 0.6 1.2 
Build 2 12.0  1.7  14 47.3 1.0 2.2 
Build 3 12.7  2.0  16 49.3 0.5 1.0 
Build 4 11.0  1.9  18 48.6 1.8 3.7 
Location 1 11.9  1.7  14    
Location 2 11.0  2.6  23    
Location 3 12.7  1.6  13 48.7 1.4 2.8 
Location 4 12.3 1.6  13    




5.2.7 Chemistry Evaluation of Part 
 
The powder was mixed 50/50 by weight from two different lots of powder.  Lot A was 




emission spectroscopy and combustion analysis for carbon and sulfur content.  The 
chemistry of the part is comparable to the chemistry of the certified powder according to 
Table 5.6.  Lot B had slightly higher combined phosphorus and sulfur which can lower the 
ductility and fracture toughness to a certain degree [57]. 
 
Table 5.6 Comparison of the Chemistry of the Powder Versus Chemistry of the Part  
Element Lot A from 
certification 
wt% 






C 0.39 0.39  0.39  
Mn 0.62  0.66  0.61 
P 0.004  0.012  0.012  
S 0.005  0.006  0.007 
Si 0.24  0.23  0.24  
Ni 1.9  1.98  1.85  
Cr 0.88  0.90  0.92  
Mo 0.27  0.28  0.30  




5.2.8 Powder Analysis 
The powder was slightly coarser and had a slightly higher oxygen content in comparison 
to initial blend of powder.  The slight coarsening and higher oxygen content is likely caused 
by the condensate formation during the sintering process (Table 5.7).  In another study 
conducted by O’Leary et al., the particle size of titanium increases because the amount of 
finer particles are reduced and the quantity of larger particle increased as well [58]. 
 
Table 5.7 Powder Size and Oxygen Content of the Powder Before Build 1 and After 
Build 4  








Original mix 27.39 39.01 57.29 .061 






5.2.9 Abbreviated Repeatability Study 
The lessons learned from the verification builds were to avoid location 2 and change filters 
at less than 275 laser hours. Furthermore, the feed rate must be adequate during the 
recoating operation.  The purpose of this study was to evaluate z oriented tensile samples 
in order to determine repeatability after following the lessons learned from the verification 
builds.  Tensile data was collected for six builds from the top right corner to evaluate 
repeatability of the process.  The yield, tensile strength, and elastic modulus of the parts 
are consistent (Table 5.8).  There is a slight deviation in elongation.  The data shows that 
if a manufacturing plan is followed; the mechanical properties can be repeatable. 
 












Build 1 30 175-177 184-186 14-16 
Build 2 30 174-176 182-185 14-16 
Build 3 30 174-176 182-185 16-17 
Build 4 30 168-171 179-181 17 
Build 5 30 170-172 177-181 15-17 






There were factors in addition to laser parameters which affect the repeatability of the 
process.  For instance, consistent gas flow is needed to reduce variation in the mechanical 
properties as a function of location. The location 2 of the machine appears to have inferior 
gas flow in comparison to the other locations.  Furthermore, the filters need to be changed 
prior to getting clogged.  Effective powder coverage should be verified for each layer. The 
repeatability study showed the ability of the DMLS process to produce mechanically sound 






MECHANICAL AND METALLURGICAL EVALUATION  
AS A FUNCTION OF BUILD ANGLE 
 
 
6.1 Design Considerations 
There are several reasons for regions of a component to be built at an angle from the 
horizontal during the laser powder bed fusion process.  For instance, it is preferable to 
minimize the scanned area for each layer by increasing the build angle of the largest cross 
section to minimize distortion.  Residual stress can cause larger parts to deflect and distort 
significantly as demonstrated on a triangular prism built vertically and horizontally [59].  
The prism built horizontally (largest cross section) had much higher displacement than the 
same prism built vertically according to digital image correlation.  Furthermore, support 
structure removal may only be feasible in certain part orientations for components.  In 
addition, internal structures such as lattice structures or channels give rise to angled 
features which may not be able to be surface finished.  Therefore, mechanical and 
metallurgical behavior of the near net shape specimens due to build angle variation is also 
needed to understand the process.  
 
6.2 Experimental 
4340 tensile specimens were built near net shape between 35 and 90 degrees from the build 
plate surface with the parts angled away from the recoater (Figure 6.1a-b).  The tensile 
specimens were then stress relieved at 1100oF [45]. There were four tensile specimens 




of sample blocks was analyzed using 3D optical profilometry.  The roughness was 
measured by four scans 45o apart on the top and on the bottom block surfaces (see Figure 
6.1b).  The Average Roughness (Ra) and RMS (Root Mean Square) surface roughness was 
measured on the top and the downward facing surfaces of the blocks angles built at 35, 45, 
60 and 90 degrees from the surface.  The Ra is the average of the peaks and valleys.  RMS 











6.3 Surface Roughness and Mechanical Performance of Surface Angle Components 
The results show that there is a significant difference in tensile properties and surface 
roughness as a function of build angle from the horizontal after stress relief (Tables 6.1 and 
6.2).  Generally, the elongation values increase as the build angle is increased from 35 to 
90 degrees [45].  However, there were three tensile specimens at 45 degrees which were 
significantly more brittle than the rest.  After investigation of the fracture surface, there 
were areas that were indicative of lack of fusion with unfused particles (Figure 6.2a).  There 





techniques will be needed to determine the exact cause of brittle failure [45]. One possible 
explanation is that the angle of incidence of the laser with the 45 degree specimens are not 
consistent as a function of position which may lead to locally high energy absorption of 
the powder bed [60]. Thus, it may lead to higher recoater and sample interaction during the 
application of powder [45].  
 
Figure 6.2 150x (A) and 2,000x (B) of 45 degree as built condition. 
        Source: [45]. 
 
  
The fractures were typically off center on all the specimens and fracture was 
typically located towards the top of the specimen (Figure 6.3a.) [45].  The 90 and 35 degree 
specimens were softer on the top versus the bottom according to microhardness results 
(Table 6.3).  This is similar to the phenomenon described in section 4.7.1.  That is, as 
shorter items complete building, the laser returns quickly to the remaining parts resulting 
in more heat input [45].  Furthermore, when samples are angled between 35 and 60 degrees, 
the downward (bottom) surface facing the plate is rougher than the top because the top 
surface has more solid material underneath to absorb the laser energy (Figure 6.4).  Thus, 
more of the surrounding particles will fuse to the bottom surface and create a slightly 





rough to smooth surface (Figure 6.3b.).  This transition point coincides with the narrowest 
cross section [45]. 
 
 
Figure 6.3 Overview image of the fractured bead blasted specimens (A) and low 





Figure 6.4 Schematic of the laser with the angled surface. Regions c and d represent the 




Bead blasting reduced the surface roughness of the specimens by the removal of 
some of the surface imperfection which include partially melted surface particles (Table 
6.2).  As a result, the mechanical performance improved slightly for 35 degree samples 









of the part because there are large differences in the ductility between 35 and 90 degrees 
[45].   
There has been supporting data which concluded that bead blasting and machining 
improves the mechanical performance of L-PBF parts. For instance, it has been shown that 
bead blasting resulted in an increase in the compressive strength by phase transformation 
and decrease in surface roughness of 17-4 stainless steel [61].  In addition, machined 
surface showed significant improvement in mechanical performance in comparison to near 
net shaped vertical tensile specimens for 17-4 stainless and Ti-6Al-4V for this process [62]. 
Fatigue evaluation was performed on Ti-6Al-4V in another study.  The specimens which 
were as built and HIP’d (Hot Isostatic Pressed) had lower fatigue properties than machined 
and HIP’d.  Therefore, surface defects likely contributed to the slight reduction in their 
mechanical performance [63].   
 
Table 6.1. Mechanical Performance of Near Net Shaped Tensile Specimen in the As 












90 o Machined 30 170-175 179-183 15-17 
90o  AB 26-28 157-167 173-176 14.4-14.9 
90o  BB 28-29 161-167 175-176 14.4-15.0 
60o  AB 28 165-169 174-177 11.8-12.6 
60o  BB 29 166-168 177-179 11.6-12.4 
45o  AB 28 165-168 165-176 1.6-9.8 
45o  BB 29 168-170 176-180 2.9-12.3 
35o  AB 28 160-164 170-171 9-10.6 
35o  BB 28-30 164-170 174-181 10.0-11.0 










Table 6.2 Surface Roughness Evaluation of Near Net Shaped Block Specimens in the As 



























90o  AB  13.8* 13.8* 16.8* 16.8* 
90o  BB  5.9* 5.9* 7.6* 7.6* 
60o  AB 13.5 14.6 16.4 17.8 
60o  BB 7.3 7.3 9.3 9.2 
45o  AB  18.5 34.3 22.8 42.4 
45o  BB  7.2 11.9 9.3 15.1 
35o  AB 18.9 49.4 23.5 60.7 
35o  BB 7.6 20.8 9.6 26.1 
*surface roughness testing of 90 degree was performed on the sides of the specimens 












converted from Vickers 
HRC 
90o  BB Bottom 380-401 39-41 
90o  BB Top 347-355 35-36 
35o  AB Bottom 382-402 39-41 




The DMLS process enables the designer to build more complex parts which gives rise to 
features with angles. However, the mechanical properties are dependent on build angle.  
Increasing the surface angle from the horizontal generally improves the mechanical 








7.1 Literature Review of Residual Stress in DMLS Parts 
Residual stress is the amount of stress remaining after the external stresses are removed.  
During DMLS, large thermal stresses are generated because the process is a non-
equilibrium process due to high heating and cooling rates.  The laser source melts the 
powder rapidly to a create melt pool.  The pool solidifies rapidly leading to high thermal 
stresses.  During melting, the top of the melt pool produces compressive stresses on the 
substrate because the underlying layer is restricting expansion.  When the melt pool cools, 
it produces tensile forces on the underlying substrate as it contracts.  If the forces are greater 
than the yield strength, it will result in delamination of the layers [64].  In general, the 
residual stress increases when the energy density increases when one parameter is changed.  
Layer thickness is also a factor that influences residual stress.  If the layer thickness 
is decreased while all the other parameters remain the same, the deflection is shown to 
increase [65].  
The hatch distance also contributes to residual stress.  The hatch distance has been 
shown to have an inverse relationship to deflection.   The hatch distance needs to be optimal 
for effective sintering because too small of a hatch distance will lead to an increase in 
overlap with the adjacent melt pool line.  This leads to an increase in residual stress that 
may be attributed to a higher concentration of energy in a small region [66]. 
In a study performed by Kruth et al., bridges with overall dimension of 




off the built plate with electro discharge machining (EDM).  The angular deflection of the 
bridges were measured.  As the scan vector for building the bridges was decreased from 
10mm to 2mm, the deflection decreased. During the build, the stripes were rotated so that 
the thermal stresses did not build up in the same location.  When the rotation angle of the 
stripe was increased from the reference to 45 degrees, the deflection significantly decreased 
[67].  The stripes are rotated 67 degrees with the EOS system.  
The build platform temperature is another factor affecting residual stress because 
the increase in temperature will lead to a decrease in deflection.  The cantilever method 
was used to analyze deflection.  Basically, the sides of the cantilever are held down by 
support structures.  Then, the wire EDM cuts the supports off and the part deflects due to 
the thermal stresses.  The deflection of the cantilever decreased significantly when the 
temperature was increased from 80oC to 200oC [65]. The degree in cooling is also 
decreased when the build platform temperature is increased.  This will likely lead to smaller 
thermal stresses in the material which results in lower deformation.    
 
7.2 Evaluation of Residual Stress on Arc Bridge Sample 
Arc bridges were built to reveal residual stress effects.  Arc bridges were built to the same 
specifications as indicated in the Kruth et al. report [67]. Residual stress was measured 
using XRD.  Results for the as sintered and stress relieved are considered here. The residual 
stress is determined by measuring the strain in three different directions.  After the part is 
cut off with a wire EDM, the ends of the bridges deflect up.  Thus, it results in compressive 
stress.  The two principal stresses were highly compressive (156 ksi) on the center of the 




depth of 0.01” from the surface, the residual stress became tensile (Figure 7.1-7.2).  When 
the bridge was stress relieved, the residual stress was significantly reduced.   The 
compressive residual stress in the bridge is fairly high in the as sintered condition near and 
away from the arc.  During the stress relief operation, the stress is significantly reduced.   
 
 
Figure 7.1 Residual stress results - courtesy of American Stress Technologies for the as-








Figure 7.2 Residual stress results - courtesy of American Stress Technologies for the 




7.3 DMLS 4140 
 
When 4140 tensile specimens were built using 4340 steel parameters, there was significant 
cracking (Table 7.1). The cracking was oriented lengthwise when the bars were built in the 
x-y orientation.   The fracture surface of sample A was featureless.  Since the fracture 
surface did not reveal any ductile dimples, it indicated no ductility (Figure 7.3).  Initially, 
it was surmised that the failure of 4140 was due to lower energy input due to lack of 
interlayer bonding.  Thus, higher energy was then applied.  The cracking got worse (Figure 
7.4).  The decrease in speed likely lead to a major deflection in the part which likely 
explained the significant cracking to the point that there was a complete crack in the part.  
The literature indicates that reducing the scan vector likely reduces the deflection.  The 
island strategy scans random islands to reduce residual stress. In a study by Amanda Wu 




3mmx3mm islands were used in comparison to 5mmx5mm islands scan strategy [59]. They 
used resonance ultrasound spectroscopy and strain from differential interference contrast 
to calculate the tensile residual stress.  The island strategy would scan random islands to 
reduce residual stress. This report showed that a smaller scan vector reduced tensile 
residual stress [59].  Additionally, there have been studies in the literature indicating that 
the stripe width has an impact on residual stress.  The change in temperature for the 
neighboring scans is less for smaller stripe width due to smaller cooling times.  Thus, the 
localized thermal stresses are likely smaller at smaller stripe widths.  If the scan vector is 
too large, the part can undergo significant warping and cracking [68]. Furthermore, 
according to previous studies, the stresses in the longitudinal direction of the melt pool was 
shown to have the highest residual stress because it is the direction of highest shrinkage. 
As a result, decreasing the scan vector may lead to a reduction in residual stress locally 
[69] [70].  
A series of metallurgical cubes were built at 4mm stripe at various parameters to 
determine whether adjustments were needed.  The vast majority of the samples did not 
reveal significant cracking (Table C.1 in Appendix C).   Thus, tensile testing was performed 
for four different parameters with a 4mm stripe (Table 7.2).   According to the tensile 
results, 4mm stripe eliminated much of the detrimental cracking to produce good 
mechanical test results (Table 7.3) (Figure 7.5).   It is evident that the 4140 samples have 
a higher tendency to crack than 4340 even though the tensile test results were comparable 
to wrought (Figure 7.6).   DMLS of 4140 is more prone to thermal stress likely because it 
may be subjected to higher stresses due to a lower hardenability and toughness which may 





Table 7.1 Laser Parameter Sets used for 4140 at 10mm Stripe Width 








A 575  185 0.12  10  
B 525  185 0.12  10 
C 500  185 0.12  10 
 
 













Table 7.2 Laser Parameters used for 4140 at 4mm Stripe Width 








A 700  195 0.10  4  
B 750  195 0.10  4  
C 600  195 0.12  4  
D 650  195 0.12  4  
 
Table 7.3 Tensile Data from 4140 Steel Heat Treated to 51 HRC at 4mm Stripe Width 













A 30,000  227-231   291-293  10-13  
B 30,000  230-232  293-296  10-13 
C 30,000  229-232  291-292  12-13  






Figure 7.5 4140 stress strain curves sample A thru sample D from Table 7.3, respectively. 
A 









Figure 7.6 4140 Parameters 26 and 37 from Table C.1 from Appendix C. The scale bar 
represents 200 microns. 
 
There are parameters which can sinter material with good mechanical properties.  
High density parts are produced at high energy densities.  As a result, residual stresses are 
fairly high.  A balance must exist for strong interlayer bonding while minimizing the 
residual stress on the specimen in order to obtain good mechanical properties without 
significant deflection and cracking.  
7.3.1 Residual Stress Evaluation of Stripe Width for 4340 and 4140 
Residual stress was analyzed using XRD of the top as built surface of 4140 and 4340 
samples of 12mm x 12mm x (2.5-12mm) millimeter cubes at various stripe widths (2mm-
20mm) under the plane stress condition with a Cu  source. A large bar with (x,y,z) 
dimensions of 10mmx108mmx10mm was built using parameters B-E (Table 7.4) for visual 
inspection.  
  
There was high residual stress variation for 4140 steel as a function of stripe width. 
In particular, there was very high anisotropic residual stresses for 4 mm stripe width for 





thickness at 4mm stripe width. There may have been cracking which may have relieved 
some of the internal stresses. For larger bars, there was evidence of cracking on the surface 
at 10 and 20 millimeter stripe width for 4140 steel (Figure 7.7).   
The 4340 bars did not exhibit cracking on the surface according to visual 
inspection.  There is not a significant variation in residual stress in 4340 for each part 
thickness.  Therefore, stripe width does not influence the residual stress significantly in 
4340 (Table 7.6). Since 4340 has a higher hardenability and toughness than 4140 material, 
it is not as prone to cracking.   
 
Table 7.4 Laser Parameters used for 4340 and 4140 XRD Measurements  









A 575  185 0.12  2  
B 575  185 0.12  4  
C 575  185 0.12  7  
D 575  185 0.12  10  























Table 7.5 Residual Stress DMLS 4140 Particle Size (10-44 Microns) using Laser 










 2  
Ksi 
 12  
Ksi 
2 2.5 -5.6 -50.5 22.5 
4 2.5 103.9 -136.1 120.0 
7 2.5 -22.5 -55.2 16.3 
10 2.5 -10.1 -70.4 30.1 
20 2.5 -26.5 -28.8 1.2 
2 7.5 -6.3 -50.6 22.2 
4 7.5 -37.1 -48.2 5.6 
7 7.5 -18.1 -46.0 13.9 
10 7.5 22.1 -29.6 25.9 
20 7.5 -31.2 -34.5 1.7 
2 12 29.9 -28.4 29.2 
4 12 48.1 -49.0 48.5 
7 12 24.6 -18.5 21.6 
10 12 22.1 -29.6 25.9 
20 12 22.2 -11.5 16.9 
 
  










Table 7.6 Residual Stress DMLS 4340 Particle Size (22-53 Microns) using Laser 














2 2.5 -13.2 -59.1 22.9 
4 2.5 -18.9 -44.8 13.0 
7 2.5 -7.7 -98.4 45.4 
10 2.5 -8.3 -79.8 35.8 
20 2.5 -2.6 -73.3 35.3 
2 7.5 11.1 -72.9 42.0 
4 7.5 -3.7 -41.2 18.8 
7 7.5 -27.6 -34.9 3.6 
10 7.5 3.5 -62.1 32.8 
20 7.5 -10.5 -53.2 21.3 
2 12 19.7 -14.2 16.9 
4 12 21.0 -13.9 17.4 
7 12 21.9 -34.2 28.0 
10 12 3.2 -8.2 5.7 




4140 samples have a higher tendency to crack.  Stripe width is likely needed to be 
decreased to reduce the thermal cycling and local longitudinal stress.  There was no 
cracking observed for 4340 as a function of stripe width.  It is likely due to the high 









L-PBF 4340 FRACTURE TOUGHNESS EVALUATION 
 
8.1 Objective 
The objective of this chapter is to evaluate the toughness of the material as a function of 
orientation and material condition.  Toughness is used to assess the amount of energy 
needed to fracture in the presence of a flaw or notch.  The material conditions include, as 
built, stress relieved and heat treated.  KIC fracture toughness testing will be used to 
evaluate toughness. 
 
8.2 Previous Study of Fracture Toughness of Ti-6Al-4V 
According to previous work performed on Ti-6Al-4V, the fracture toughness of titanium 
with the DMLS process is lower when the notch is oriented in the x-y direction as opposed 
to the z direction in the as built condition.  A study in the literature claims that the tensile 
residual stress assists in the crack propagation when the crack is oriented in the x-y 
direction [71].  After stress relief, the toughness increased and properties became more 
isotropic.  After annealing from the as built condition, anisotropy can exist within the 
structure of Ti-6Al-4V which is indicated by a lower elongation in the z orientation [71]. 
Thus, it is indicative of microstructural and residual stress changes during post processing.  
 
8.3 Fracture Toughness as a Function of Build Orientation 
Fracture toughness KIC and J-integral testing was performed as a function of material 




machined to the final dimension according to ASTM E399 [53].  The material which was 
evaluated included the as built condition, stress relieved, and heat treated conditions.  The 
samples were built in the x, y, and z orientations which correlate to the largest, medium, 
smallest cross sectional area in contact with the plate (Figure 8.1).  KIC was determined for 
the heat treated specimens.  A side grove was needed for the as built and stress relieved 
samples for J integral because it was too ductile for the linear elastic plain strain condition. 
J integral fracture toughness is used when the material has high ductility [72].  JIC results 
were then converted to KIC numbers.  
 The high fracture toughness for the stress relief and as built condition supports 
microstructure and tensile observations.  The tensile properties show evidence of ductility 
in the stress relieved and as sintered condition which is supported by the J-integral testing 
resulting from the fine microstructure of the part. The fracture toughness differences 
between stress relief and as built condition may be the result of residual stress for the as 
built part or slight differences in the microstructure resulting from stress relief (Table 8.2). 
According to the Arch Bridge study in the previous chapter section (7.2), the residual stress 
was nearly eliminated after stress relief.  The results show that the heat treated condition 
properties are comparable to wrought 4340 steel.  There was not a huge difference in the 
fracture toughness in the as built condition between the three different orientations.  Since 
the fracture zone is near the build plate along with several samples being built 
simultaneously, there is fairly adequate cooling between each layer.  The results indicate 
that there was no significant concentration of interlayer defects due to uniformity of 




evaluation of fracture toughness as a function of height to determine the effect of cooling 
of parts.   













185 0.10 700 .02 4 
 
 




Table 8.2 Fracture Toughness Results as a Function of Condition using Parameter Set 
from Table 8.1  
Sample ID Fracture 
Toughness   
(ksi-in.5) 
As Sintered x 146 
As Sintered y 136 
As Sintered z 132 
Stress Relieved x 153 
Stress Relieved y 152 
Stress Relieved z 169 
Heat Treated x 55 
Heat Treated y 54 
Heat Treated z 54 
Wrought Heat Treated  4340 40 min. 
Source: [45]. 






The fracture toughness for the as built and stress relieved conditions were ductile and fairly 
uniform as a function of orientation.  Stress relieved parts had a slightly higher fracture 
toughness than as built condition.  Furthermore, there was a very uniform fracture 

























9.1 Literature Review: Corrosion Resistance Studies 
Corrosion is important because it impacts mechanical performance. Tests to assess 
corrosion resistance include electrochemical potential and atmospheric exposure.  
Previously, the corrosion resistance of 316L stainless steel produced by powder bed fusion 
was compared against traditionally manufactured components using accelerated corrosion 
testing (potential dynamic polarization study) in saline solution.  The microstructure was 
observed optically to assess corrosion properties of the parts. The pore size of the 
traditionally manufactured component was significantly higher than the laser melted 
sample after electrochemical testing [73].  The corrosion resistance of the SLM was higher 
than cast because it has a lower Icorr value.  Icorr is the current of the anodic region of the 
polarization curve.  The higher corrosion resistance may be attributed to the finer grains 
produced by the SLM process.   
There was another study on the corrosion resistance on L-PBF, Electron Beam 
Manufactured (EBM), and wrought Ti-6Al-4V.  Potentiodynamic and crevice corrosion 
were run in simulated body fluid. The L-PBF samples had high corrosion resistance at low 
voltages (1.2V) which is approximately comparable to levels seen in the body according 
to Potentiodynamic studies.  The improved performance of the L-PBF material maybe due 
to its high grain boundary density.  The EBM samples had the lowest crevice corrosion, 
but all samples were acceptable.  A higher concentration of beta phase may explain the 




In addition, corrosion resistance of Al10SiMg was evaluated in diluted Harrison’s 
solution.  The purpose of this study was to evaluate the corrosion resistance as a function 
of surface finish, and build orientation.  According to the potentiodynamic results, the 
polished sample had more zone of passivity than as built.  The corrosion resistance of shot 
peened sample was in between as built and polished samples.  The x-y had lower corrosion 
rates than x-z according to Electrical Impedance Spectroscopy (EIS) and Potentiodynamic 
measurements due to a lower melt pool boundaries concentration.  It is likely caused by 
the preferential corrosion of alpha phase Al in solid solution with silicon at the melt pool 
boundaries [75]. 
 
9.2 Accelerated and Environmental Corrosion Resistance of DMLS 4340 
Accelerated and environmental corrosion tests were conducted on stress relieved 4340 steel 
made by the optimal (LN) and under exposed (LU) sintering conditions as well as the 
wrought alloy (WR) (Figure 9.1).   Based on electrochemical testing in artificial seawater, 
as can be seen in Figure 9.2, the impedance at a frequency of 10 MHz shows that there is 
not much of a difference between the three samples.  All three materials had a similar 
response to the phase angle change as a response to the frequencies of the applied potential 
(Figure 9.3). [76]  The potential dynamic scans were relatively similar between the three.  
The anodic behavior was very similar for all three specimen types because there is not 
much of a protective barrier in the material (Figure 9.4) [76] .  The Ecorr (the potential at 
which the anodic reaction is equal to the rate of cathodic reactions) and polarization 
resistance values were relatively similar between the three samples (Tables 9.1-9.2).  The 




the highest porosity (Figure 9.5).  The normal sintered specimen had some porosity, but 
wrought had the lowest porosity according to the microstructure. The non-uniform 
localized corrosion is likely caused by the initial porosity in the sample [76].  All the 
samples had similar appearance after salt fog exposure for 1 hour (Figure 9.6) [76] [77].  
From preliminary results, the microstructure does not appear to affect the corrosion 
resistance in saline solution for 4340. 
 
Figure 9.1 Etched Microstructures of 4340 samples, Low porosity parameter (A), under 






















Table 9.1 Average Results from Polarization Resistance Tests  




Corrosion Rate  
(mpy) 
LN 2.5 10.9 4.9 
LU 2.9 8.8 4.1 






Table 9.2 Anodic Polarization Tests  
Type Ecorr                 







LN -641 5.9 2.7 
LU -664 5.7 2.6 









Figure 9.5   4340 microstructures after electrochemical tests: (A) low porosity parameter,  




Figure 9.6 Image after 1 hr. salt fog exposure: low porosity parameter, under exposed 















10.1 Research Findings 
The understanding of the DMLS process was established in order to produce parts with 
mechanical properties on a consistent basis.   There were several findings which include 
the following: 
- Several size distributions between 10-53 micron gas atomized 4340 powder 
provided adequate flow and packing. 
 
- Laser power, scan speed, hatch distance, and stripe width were optimized to 
produce 4340 and 4140 steel samples with good mechanical properties.  
 
- Gas flow, powder coverage, and filtration is also essential for process repeatability 
which was demonstrated by verification builds.  Repeatability study shows fairly 
consistent mechanical performance based on the lessons learned from verification 
builds. 
 
- Mechanical properties and surface roughness vary as a function of build angle for 
near net shape tensile specimens.  
 
- Anisotropy is based on differences in microstructure and cooling rates between 
layers.   
                                             
 
 
10.2 Future Work 
In process monitoring of the laser, powder coverage, and gas flow is needed to ensure that 
the process is consistent for the same input parameters. Future work is to employ in situ 
monitoring techniques for the process such as powder bed imaging and melt pool 
monitoring to evaluate defects resulting from process anomalies.  Anomalies include part 




significant amount of information which must be interpreted.  Thus, it is important to have 






PARAMETER AND POWDER OPTIMIZATION FOR 4340 STEEL  
Table A.1-A.3 Reports of density using Archimedes principle and microhardness values 
for 4340 steel near the optimal laser parameters. 
 












1 185 0.1 725 7.83 407.6 
2 185 0.1 700 7.82 424.6 
3 185 0.1 675 7.80 416.2 
4 185 0.1 650 7.82 423.2 
5 185 0.11 650 7.79 415 
6 185 0.11 625 7.82 424.4 
7 185 0.11 600 7.83 417.6 
8 185 0.11 575 7.82 423.4 
9 185 0.12 600 7.83 405.6 
10 185 0.12 575 7.82 427.8 
11 185 0.12 550 7.82 414.6 
12 185 0.12 525 7.83 409.4 
13 185 0.13 575 7.81 424.2 
14 185 0.13 550 7.83 460.2 
15 185 0.13 525 7.83 422 
16 185 0.13 500 7.82 438.6 
17 185 0.14 525 7.81 405 
18 185 0.14 500 7.82 427.6 
19 185 0.14 475 7.82 406.4 
20 185 0.14 450 7.81 424 
21 195 0.1 750 7.83 415.2 
22 195 0.1 725 7.83 431.6 
23 195 0.1 700 7.82 416 
24 195 0.1 675 7.80 423.8 
25 195 0.11 700 7.83 428.8 
26 195 0.11 675 7.82 433.8 
27 195 0.11 650 7.81 435.8 
28 195 0.11 625 7.82 438.8 
29 195 0.12 650 7.81 424.6 
30 195 0.12 625 7.82 436.2 
31 195 0.12 600 7.79 424.2 
32 195 0.12 575 7.83 455 
33 195 0.13 600 7.82 422.6 
34 195 0.13 575 7.81 439.2 
35 195 0.13 550 7.78 412.6 
36 195 0.13 525 7.77 433 
37 195 0.14 550 7.82 415 
38 195 0.14 525 7.82 446.6 
39 195 0.14 500 7.81 412.6 


















1 185 0.1 725 7.78 
419.2 
2 185 0.1 700 7.81 
426.2 
3 185 0.1 675 7.83 
421.4 
4 185 0.1 650 7.79 
426 
5 185 0.11 650 7.81 
429.4 
6 185 0.11 625 7.83 
421.6 
7 185 0.11 600 7.81 
422.8 
8 185 0.11 575 7.83 
422.4 
9 185 0.12 600 7.81 
427.6 
10 185 0.12 575 7.82 
422.2 
11 185 0.12 550 7.81 
413.6 
12 185 0.12 525 7.82 
429 
13 185 0.13 575 7.83 
421.6 
14 185 0.13 550 7.82 
444 
15 185 0.13 525 7.83 
418.8 
16 185 0.13 500 7.82 
423.4 
17 185 0.14 525 7.58* 
413.8 
18 185 0.14 500 7.82 
428.6 
19 185 0.14 475 7.81 
415.4 
20 185 0.14 450 7.80 
423.8 
21 195 0.1 750 7.82 
411 
22 195 0.1 725 7.81 
431.8 
23 195 0.1 700 7.82 
417.6 
24 195 0.1 675 7.83 
415.2 
25 195 0.11 700 7.83 
416.2 
26 195 0.11 675 7.83 
413.4 
27 195 0.11 650 7.83 
419 
28 195 0.11 625 7.82 
415.4 
29 195 0.12 650 7.82 
409.2 
30 195 0.12 625 7.83 
417.4 
31 195 0.12 600 7.83 
427.6 
32 195 0.12 575 7.83 
409 
33 195 0.13 600 7.83 
432.6 
34 195 0.13 575 7.82 
421.8 
35 195 0.13 550 7.83 
435.8 
36 195 0.13 525 7.83 
404.8 
37 195 0.14 550 7.83 
413.4 
38 195 0.14 525 7.83 
419.6 
39 195 0.14 500 7.82 
432.8 
40 195 0.14 475 7.82 
414 


















1 185 0.1 725 7.83 
419.4 
2 185 0.1 700 7.81 
441.4 
3 185 0.1 675 7.82 
426.4 
4 185 0.1 650 7.83 
458.2 
5 185 0.11 650 7.84 
445.2 
6 185 0.11 625 7.77 
437.6 
7 185 0.11 600 7.81 
436.2 
8 185 0.11 575 7.83 
423.4 
9 185 0.12 600 7.82 
435.6 
10 185 0.12 575 7.82 
429.2 
11 185 0.12 550 7.84 
470 
12 185 0.12 525 7.82 
446.2 
13 185 0.13 575 7.83 
448.8 
14 185 0.13 550 7.82 
437.4 
15 185 0.13 525 7.83 
450.2 
16 185 0.13 500 7.83 
426 
17 185 0.14 525 7.83 
425.4 
18 185 0.14 500 7.83 
432.4 
19 185 0.14 475 7.83 
416.2 
20 185 0.14 450 7.82 
468.4 
21 195 0.1 750 7.83 
437.2 
22 195 0.1 725 7.83 
428.6 
23 195 0.1 700 7.83 
450.8 
24 195 0.1 675 7.83 
433.8 
25 195 0.11 700 7.83 
419.8 
26 195 0.11 675 7.82 
438.6 
27 195 0.11 650 7.83 
438.6 
28 195 0.11 625 7.83 
445.2 
29 195 0.12 650 7.83 
437.8 
30 195 0.12 625 7.83 
436 
31 195 0.12 600 7.83 
444.8 
32 195 0.12 575 7.83 
437.2 
33 195 0.13 600 7.84 
443 
34 195 0.13 575 7.83 
448.4 
35 195 0.13 550 7.84 
441 
36 195 0.13 525 7.83 
434.2 
37 195 0.14 550 7.83 
445.4 
38 195 0.14 525 7.83 
432 
39 195 0.14 500 7.83 
449.4 






HARDNESS MEASUREMENTS FOR 4340 PARAMETER DEVELOPMENT 
Tables B.1 and B.2 evaluated hardness and density for parameter development. 
 
 














1 120 0.1 400 150 436.4 
2 120 0.1 500 120 455.8 
3 120 0.1 600 100 465.2 
4 120 0.1 700 86 458.6 
5 120 0.1 800 75 481.8 
6 120 0.1 900 67 498.6 
7 120 0.1 1000 60 490.8 
8 130 0.1 400 162.5 438.4 
9 130 0.1 500 130 442.2 
10 130 0.1 600 108.3 454 
11 130 0.1 700 92.9 464.6 
12 130 0.1 800 81.3 462 
13 130 0.1 900 72.2 487.4 
14 130 0.1 1000 65 501.6 
15 140 0.1 400 175 402.6 
16 140 0.1 500 140 432.8 
17 140 0.1 600 116.7 450.2 
18 140 0.1 700 100 437.4 
19 140 0.1 800 87.5 461.8 
20 140 0.1 900 77.8 487.6 
21 140 0.1 1000 70.0 486.4 
22 140 0.1 1100 63.6 483.2 
23 150 0.1 400 187.5 406.4 
24 150 0.1 500 150 432.2 
25 150 0.1 600 125 446 
26 150 0.1 700 107.1 447.6 
27 150 0.1 800 93.8 456.8 
28 150 0.1 900 83.3 460.4 
29 150 0.1 1000 75 497.4 





























1 160 0.1 500 160 403.2 
2 160 0.1 600 133.3 450.8 
3 160 0.1 700 114.3 462.6 
4 160 0.1 800 100 473 
5 160 0.1 900 88.9 488.4 
6 160 0.1 1000 80 444 
7 160 0.1 1100 72.7 465.8 
8 170 0.1 500 170 434.6 
9 170 0.1 600 141.7 425.2 
10 170 0.1 700 121.4 420.2 
11 170 0.1 800 106.3 454.6 
12 170 0.1 900 94.4 471.8 
13 170 0.1 1000 85 487.2 
14 170 0.1 1100 77.3 484.2 
15 170 0.1 1200 70.8 467.4 
16 170 0.1 1300 65.4 491.6 
17 170 0.1 1400 60.7 494.4 
18 170 0.1 1500 56.7 497 
19 180 0.1 600 150 433 
20 180 0.1 700 128.6 461.8 
21 180 0.1 800 112.5 455.4 
22 180 0.1 900 100 477.4 
23 180 0.1 1000 90 466.6 
24 180 0.1 1100 81.8 471.8 
25 195 0.1 700 139.3 457.8 
26 195 0.1 800 121.8 478.4 
27 195 0.1 900 108.3 483 
28 195 0.1 1000 97.5 466.8 
























Table B.2 Hardness and Density of the Parameters for -44+10 Micron Powder at 175-195 













1 175 0.07 800 7.79 454.2 
2 175 0.07 850 7.83 452.2 
3 175 0.07 900 7.82 461.4 
4 175 0.07 950 7.82 446.6 
5 175 0.07 875 7.85 456.4 
6 175 0.07 925 7.83 432.2 
7 175 0.07 1000 7.82 419.6 
8 175 0.08 700 7.83 450.6 
9 175 0.08 750 7.83 447.8 
10 175 0.08 775 7.84 449.4 
11 175 0.08 800 7.82 445.5 
12 175 0.08 850 7.83 432.6 
13 175 0.08 900 7.83 450 
14 175 0.09 625 7.83 456.4 
15 175 0.09 650 7.83 463.3 
16 175 0.09 675 7.83 454.2 
17 175 0.09 700 7.83 452.8 
18 175 0.09 750 7.84 469.2 
19 175 0.09 800 7.83 457 
20 175 0.1 550 7.83 431.6 
21 175 0.1 600 7.81 432.4 
22 175 0.1 625 7.83 437.6 
23 175 0.1 650 7.82 459.0 
24 175 0.1 700 7.83 451.8 
25 175 0.1 750 7.83 462.8 
26 175 0.11 500 7.83 456.8 
27 175 0.11 550 7.83 441.6 
28 175 0.11 575 7.83 453.4 
29 175 0.11 600 7.83 433.6 
30 175 0.11 650 7.83 446.4 
31 175 0.11 700 7.84 429.2 
32 175 0.12 475 7.83 427.8 
33 175 0.12 500 7.83 437.4 
34 175 0.12 525 7.83 421.8 
35 175 0.12 550 7.82 429.2 
36 175 0.12 600 7.82 449 















Table B.2 (Continued) Hardness and Density of the Parameters for -44+10 Micron 













1 185 0.07 850 7.79 458.4 
2 185 0.07 900 7.83 452.0 
3 185 0.07 925 7.82 461.8 
4 185 0.07 950 7.83 438.6 
5 185 0.07 1000 7.82 446.4 
6 185 0.07 1050 7.83 456.0 
7 185 0.08 750 7.83 409.25 
8 185 0.08 800 7.83 457.8 
9 185 0.08 825 7.83 432 
10 185 0.08 850 7.83 448 
11 185 0.08 900 7.84 430 
12 185 0.08 950 7.83 430.8 
13 185 0.09 650 7.83 448.6 
14 185 0.09 700 7.82 462.6 
15 185 0.09 725 7.83 430.0 
16 185 0.09 750 7.82 437.6 
17 185 0.09 800 7.83 431.0 
18 185 0.09 850 7.83 451.2 
19 185 0.1 575 7.83 460.4 
20 185 0.1 600 7.83 461.2 
21 185 0.1 650 7.83 451.4 
22 185 0.1 675 7.83 452.6 
23 185 0.1 700 7.83 455.0 
24 185 0.1 750 7.83 468.8 
25 185 0.11 550 7.83 463.6 
26 185 0.11 575 7.80 458.4 
27 185 0.11 600 7.83 429.6 
28 185 0.11 625 7.82 425.8 
29 185 0.11 650 7.83 438.4 
30 185 0.11 700 7.83 440.6 
31 185 0.12 500 7.82 437 
32 185 0.12 525 7.82 436.8 
33 185 0.12 550 7.82 424.8 
34 185 0.12 575 7.83 435 
35 185 0.12 600 7.82 434.4 


















Table B.2 (Continued) Hardness and Density of the Parameters for -44+10 Micron 













1 195 0.07 875 7.82 422.6 
2 195 0.07 900 7.83 443 
3 195 0.07 950 7.83 430.6 
4 195 0.07 975 7.83 420.4 
5 195 0.07 1000 7.83 433.4 
6 195 0.07 1050 7.83 429.8 
7 195 0.08 775 7.83 435.2 
8 195 0.08 800 7.83 426 
9 195 0.08 850 7.83 432.4 
10 195 0.08 875 7.83 436.8 
11 195 0.08 900 7.83 422.6 
12 195 0.08 950 7.83 438.8 
13 195 0.09 675 7.83 442.4 
14 195 0.09 700 7.83 445.4 
15 195 0.09 750 7.83 456.2 
16 195 0.09 775 7.82 444.2 
17 195 0.09 800 7.82 475.4 
18 195 0.09 850 7.84 453.8 
19 195 0.1 625 7.83 399 
20 195 0.1 650 7.81 452.4 
21 195 0.1 675 7.82 432.2 
22 195 0.1 700 7.82 444.2 
23 195 0.1 750 7.82 421.4 
24 195 0.1 825 7.83 391.2 
25 195 0.11 550 7.82 421.6 
26 195 0.11 600 7.83 431.6 
27 195 0.11 625 7.83 444.8 
28 195 0.11 650 7.82 431.4 
29 195 0.11 675 7.83 434.8 
30 195 0.11 700 7.83 437.6 
31 195 0.12 500 7.82 450.8 
32 195 0.12 550 7.82 459.8 
33 195 0.12 575 7.81 458.2 
34 195 0.12 600 7.82 487.4 
35 195 0.12 625 7.82 465.4 







HARDNESS MEASUREMENTS FOR 4140 PARAMETER EVALUATION 
Initial parameter evaluation for 4140 steel. 













1 185 0.1 700 459 
2 185 0.1 675 464 
3 185 0.1 650 416.8 
4 185 0.1 625 444.6 
5 185 0.11 650 413.8 
6 185 0.11 625 420.8 
7 185 0.11 600 404.6 
8 185 0.11 575 405.2 
9 185 0.12 600 415 
10 185 0.12 575 437.2 
11 185 0.12 550 431.8 
12 185 0.12 525 427 
13 185 0.13 550 413.6 
14 185 0.13 525 423 
15 185 0.13 500 413.8 
16 185 0.13 475 411.6 
17 185 0.14 525 411.6 
18 185 0.14 500 424.2 
19 185 0.14 475 414.6 
20 185 0.14 450 406.4 
21 195 0.1 750 422.6 
22 195 0.1 725 423.4 
23 195 0.1 700 433.8 
24 195 0.1 675 438 
25 195 0.11 675 415.4 
26 195 0.11 650 424.6 
27 195 0.11 625 401.6 
28 195 0.11 600 426.4 
29 195 0.12 575 406.6 
30 195 0.12 600 419.6 
31 195 0.12 575 411.2 
32 195 0.12 550 416.4 
33 195 0.13 575 417.4 
34 195 0.13 550 420.8 
35 195 0.13 525 420.2 
36 195 0.13 500 416.8 
37 195 0.14 550 416 
38 195 0.14 525 438.6 
39 195 0.14 500 421.4 
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